ABSTRACT Phytochrome (far red form) alone can mediate anthocyanin synthesis in the mustard seedling (Sinapis alba L.). Complete photoreversibility and reciprocity, for both red and far red light exposures over a period of at least 5 minutes, demonstrate this phytochrome involvement.
The duration of the initial lag-phase is constant (about 3 hours at 25 C) for seedlings more than 30 hours old and is specific for the system, being independent of the dose or quality of light. Since a complete reversal by far red of a red light induction is possible only during a 5 minute period, phytochrome (far red form) obviously mediates anthocyanin synthesis during the lag-phase although the actual synthesis of pigment can proceed only after the lag-phase is overcome. We suggest that phytochrome (far red form) exerts a double function during the initial lag-phase. It mediates both the build up of a biosynthetic potential ("capacity") and anthocyanin synthesis.
However, the sequence of events leading to anthocyanin is arrested at some intermediate stage until this "capacity" is built up after 3 hours. Once "capacity" is achieved it does not decay readily. Therefore, no significant "secondary lag-phase" occurs if the seedling, under appropriate conditions, is reirradiated after an intervening dark period. The rate or extent of synthesis for both anthocyanin and lipoxygenase, previously reported (32) , are functions of the amount of phytochrome (far red form). No "phytochrome paradoxes," i.e., nonrational relationships between the amount of phytochrome (far red form) and rate or extent of response, were detected. This fact suggests that the mustard seedling is especially well suited for investigating the biophysical and molecular mechanisms of phytochrome action.
Since the well known report by Arthur (1) , the effect of light on anthocyanin synthesis has attracted the attention of many plant physiologists (5, 21, 37) . However, the general mechanism of this light effect has not yet been formulated. This failure is due partly to the descriptive nature of many reports and, in the main, because light appears to exert its influence through different photochemical mechanisms which probably are mixed in the usual experimental approaches. Recently, (e.g., 2, 6, 7, 9, 10, 11, 35, 40) it had to be concluded that at least two photochemical reactions or steps were involved and that these mechanisms and interactions are by no means clear.
The mustard seedling (Sinapis alba L.) has a number of advantages for attacking directly this question: Can anthocy-anin synthesis be mediated exclusively without the interference of any other photochemical mechanism? These advantages are that (24) anthocyanin synthesis by light is predominantly controlled by phytochrome without the requirement of any prolonged "high energy pretreatment" (e.g., 2, 6, 10, 35) , and the mustard seedling does not produce significant amounts of anthocyanin in complete darkness. Seedlings can easily be handled under standardized conditions, and a great amount of information, including spectrophotometric measurements of P,, is available on this system (26) . While the mustard seedling forms five anthocyanins, the aglycon is always cyanidin (17) . At 25 C the stored fat and protein of the cotyledons allow development in total darkness without any indications of starvation for at least 72 hr after sowing (19) .
Furthermore, it was hoped that a detailed analysis of the initial lag-phase (i.e., the duration between the onset of light and the first appearance of anthocyanin) would improve our knowledge of "phytochrome action." A final important question is whether the spectrophotometrically detectable phytochrome content and the rate or degree of anthocyanin synthesis are rationally related. In other words, do the data force us toward so-called paradoxes (nonrational relationships) (e.g., 4, 18, 22)? Phytochrome-mediated control of lipoxygenase synthesis (32) in the mustard seedlings leads to no "paradoxes." If the same result were obtained for phytochromemediated anthocyanin synthesis, the previous conclusion is greatly strengthened that the mustard seedling is very well suited to relate the spectrophotometrically detectable phytochrome content to the extent or to the rate of responses.
MATERIALS AND METHODS
Two different seed populations of white seeded mustard (Sinapis alba L.) were used; namely, seed of a progeny of the original sample, sample 1, (24) and seed of a new large sample bought from a commercial grower, sample 2. Quantitative differences were observed but both seed samples responded in essentially the same way. Selection of seeds and treatment of seedlings followed the standard techniques developed previously (26) in our laboratory. The seedlings were grown at 25 C in the dark, the light treatment was started 36 hr after sowing, which is taken as time zero in the figures. Sowing was done under weak green safelight (27) to prevent any light influence on the soaked seeds.
For irradiation, the standard red (29) and far red (26) sources were used at an irradiance of 67.5 Atw/cm' + 10%
(red) and 350 uw/cm' + 10% (far red) or fractions of them (29) . If required, the experiments were performed in an interference filter monochromator system (30) . In this case red light was generated by an interference filter (Schott & Gen., The rate of anthocyanin accumulation is assumed to represent the rate of anthocyanin synthesis. About 70 hr after sowing (compare Fig. 10 , 34 hr after zero time) the anthocyanin level tends to decrease. This destruction of anthocyanin is indicative of a turnover (17) . Beyond this point, this assumption is no longer justified. Also, since the mustard seedling rnearly linearly increases fat-free dry matter (19) , symptoms of starvation are improbable. For these reasons the experiments are limited to the period from 36 to 72 hr after sowing. tion (Fig. 2) . Repeated exposures to either red or far red light increase the rate of accumulation and the eventual level of anthocyanin.
Are the operational criteria for the involvement of phytochrome in this system fulfilled? These criteria require that the kinetics elicited by far red light (5 min at each treatment) be identical with the kinetics observed for exposure to red light, followed by far red light (5 min each). The data of Figure 3 and (Figs. 1-4) . Thus, the duration of the lag-phase depends neither on the dose applied within the range of reciprocity (i.e., on the amount of Pfr formed) nor on the rate at which anthocyanin is formed under various irradiances of continuous irradiation. The length of the initial lag is constant, specific for the system and independent of the dose, irradiance or quality of light. This result is by no means trivial. In the case of auxin-induced elongation of Avena coleoptile segments (31), the lag period before a steady state rate of growth is reached is dependent on the hormone concentration. On the other hand, however, the induction lag of the E. coli lac operon (3) does not lengthen as the induction level is lowered. In other words, no change in induction lag with inducer level is found. Neither the time of first appearance of 83-galactosidase in excess of the basal levels nor the value of the intercept of the straight line part of the induction curve with the basal level is increased.
The following question arises: Is Pr, inactive in mediating anthocyanin synthesis during the 3 hr of the initial lag? Experimentally, is an induction of anthocyanin synthesis by red light reversible for a period of 3 hr? To test this question, induction was performed with the standard red source. The reversion, however, was done with 5 min of the wavelength 756 nm at an irradiance of 700 Atw/cm2 in order to keep the level of far red induction as low as possible. Extraction was performed 24 hr after onset of the red light (Fig. 5) . If extraction was made 12 hr after onset of the red light a qualitatively identical pattern of curves was obtained, indicating that the time of extraction is not relevant for this problem. Complete (or nearly complete) reversal is probably only possible on the order of a few minutes after the onset of light. On the other hand, the rate of escape from reversibility is neither rapid nor is the escape a total one, even after 4 hr. This fact indicates that there is a continuous requirement for Pfr during the whole period of anthocyanin accumulation. In addition, Pfr clearly mediates anthocyanin synthesis during the lag-phase in spite of the fact that the actual synthesis of the pigment can proceed only after the lag-phase is overcome.
In the case of a secondary irradiation (28) (e.g., 12 hr light-18 hr dark-light of the same quality and irradiance) no significant lag-phase can be detected. The same fact is true even if the secondary irradiation differs in quality and irradiance. The only requirement seems to be that the rate of anthocyanin synthesis mediated by secondary irradiation does not exceed the one mediated by the primary irradiation. A primary irradiation ( Fig. 6 ) with 6 hr far red eliminates the lag-phase for the action of continuous red or 5 min red given at the end of a long intervening dark period. Therefore, we conclude that during the initial lag-phase Pfr exerts two functions:
(1) A potential for biosynthesis of anthocyanin (= capacity) is built up under the influence of P,r.
(2) Anthocyanin synthesis is mediated by P,. but the sequence of events is arrested at some intermediate stage until the "capacity for biosynthesis", required for the final manifestation of anthocyanin synthesis, is eventually built up.
The time required to build up this capacity is determined by the system. It is about 3 hr under our standard conditions (25 C). The degree of capacity, however, is a function of the primary light treatment. For a "step up experiment" (Fig. 7) , i.e., a change from low to high irradiance, there is a considerable delay before the higher rate of synthesis becomes ap parent. The additional lag seems to be somewhat less than the initial lag, possibly for the reason that some capacity was already built up under the influence of the lower irradiance. If the capacity for a given irradiance is once built up it does not readily decay. There is no lag-phase for anthocyanin or enzyme induction (Ref. 28 and Fig. 6 (38) has been neglected the estimates in Table   III are "order of magnitude" values. Satisfactory agreement between prediction (Table III) and experimental result (Fig. 9) exists. The important feature is the shift from reversion by far red to induction by far red. This latter phenomenon becomes obvious 12 hr after the red treatment.
The anthocyanin synthesizing system responds ( Fig. 10) This conclusion is also supported by the fact (Fig. 5 ) that even 4 hr after the onset of red light the escape from reversibility is only in the order of 50%. (c) Finally, a most important result is the fact that for anthocyanin synthesis in the mustard seedling no "phytochrome paradoxes" could be observed. Since the same conclusion was reached with respect to phytochromemediated control of lipoxygenase synthesis in the mustard seedling (32), the mustard seedling seems to be especially well suited to investigate the biophysical and molecular mechanisms of phytochrome action.
It has been shown (8, 25, 33) that the enzyme phenylalanine ammonia-lyase can be induced by phytochrome in the mustard seedling. Phenylalanine ammonia-lyase catalyzes the formation of trans-cinnamic acid from phenylalanine. This reaction is probably the first step of a biosynthetic sequence which leads from phenylalanine to the phenyl-propane moiety of the flavonoids, including the anthocyanidins. Since 
